ABSTRACT Published studies have shown that the wooden breast (WB) condition affects the macroscopic appearance, quality, and functionality of raw broiler breast fillets (pectoralis major) as well as the texture of both raw and cooked fillets. In this study, we demonstrated for the first time that the WB condition also significantly affects the color and appearance of cooked breast fillets. Fresh broiler breast fillets (deboned at 3 h post-mortem) were collected from a commercial plant and sorted into normal (no WB) and severe WB condition categories based on palpable hardness and rigidity throughout the breast fillets. The fillets were either cooked directly from a fresh state, after marination with a target concentration of 0.75% NaCl and 0.45% phosphate at the end, or after storage at -20
INTRODUCTION
The wooden breast (WB) condition is an emerging muscle abnormality in broiler breast fillets (pectoralis major). Breast fillets with the WB condition are characterized by palpable hardness and overall muscle rigidity and show significant changes in meat quality characteristics compared to fillets without the WB condition (Tijare et al., 2016) . One of the changes is surface color and appearance of raw fillets. Data showed that WB caused significant changes in CIEL * a * b * measurements of meat although the differences varied with fillet surface (ventral and dorsal), location (cranial and caudal), and CIE L * a * b * color parameter (Mudalal et al., 2015; Tasoniero et al., 2016; Dalle Zotte et al., 2017; Kuttappan et al., 2017) . Additionally, fillets with the WB condition often exhibit increased white striping, gelatinous-viscous surface fluid, and petechial hemorrhagic lesions (Sihvo et al., 2014; Dalle Zotte et al., 2017; Kuttappan et al., 2017) . However, the effects of the altered surface characteristics of WB fillets on cooked meat appearance have not been well documented. Thus, in this study the cooked color of normal and WB fillets were compared using CIEL * a * b * measurements and the effects of marination and frozen storage on the WB-induced discoloration were investigated.
MATERIALS AND METHODS

Sample Collection and Physical Measurements
Boneless, skinless breast fillets were collected from the deboning line of a commercial broiler processing 4458 1 White striping score (1 = normal, 2 = moderate, and 3 = severe). * n = 6 for hemorrhaging score; n = 19 for the rest parameters.
plant at approximately 3 h postmortem. Samples were trimmed and categorized as normal (no WB) or severe WB based on palpable hardness and muscle rigidity (Tijare et al., 2016) . Over 3 different trial days, 38 (19 for no WB and 19 for WB) samples from a total of 641 fillets were selected for use in this study based on their WB scores. White striping and hemorrhagic lesions were scored using a scale with 1 (none), 2 (mild), and 3 (severe) (Kuttappan et al., 2017) . Fillet weight, color, pH, and hardness (raw compression force) were recorded at approximately 6 h postmortem. Raw color values (CIEL * a * b * ) were measured on the dorsal surface (bone side) of fillets with a Minolta spectrophotometer (VTL CM-700, Konica Minolta, Ramsey, NJ). Muscle pH in the cranial end of the fillets was measured using a Hach H280 GB pH meter equipped with a spear tip probe (EW-5998-20, Cole-Parmer, Vernon Hills, IL). Raw muscle compression force or firmness was measured on the ventral surface (skin side) using the modified compression test project provided in the Texture Analyzer (version Exponent 6.7.1.0., TA.XTplus Texture Analyzer, Stable Micro System, Godalming, UK). Fillets (2 locations/fillet on ventral side, one in cranial side and the other in caudal side) were compressed to 30% of the initial height using a 50-kg loading cell connected to an aluminum cylinder probe (12-mm diameter). Samples were stored at 4
• C prior to cooking.
To determine the effect of marination on cooked meat color, additional 14 fillets were marinated in a vacuumtumbler (model: DVTS 30 V.S, Daniels Food Equipment, Parkers Prairie, MN) for 20 min at 16 rpm, -0.6 atm, and 4
• C with marinade at a 20% (wt/wt) marinade to meat ratio. Marinade contained 5% NaCl and 3% sodium tripolyphosphate (Innophos, Inc., Cranbury, NJ) and was formulated with a targeted final concentration of 0.75% NaCl and 0.45% phosphate in the final product.
To determine the effects of freezing-thawing on cooked meat color, additional samples (13 fillets in 2 replications) were stored in a -20
• C freezer until use. Before cooking, the fillets were thawed in a 4
• C refrigerator overnight.
Sample Cooking
Fillets, vacuum-packed in a plastic cooking bags, were cooked to an internal temperature of 76
• C in a combination oven (MCS-6, Henny Penny Corporation, Eaton, OH) (Zhuang and Savage, 2008) . Cooked samples were drained of liquid, patted dry and individually placed in cooking bags until samples reached ambient temperature before cooked color was measured.
Cooked Color Measurements
Cooked color (CIEL * a * b * ) was measured in triplicate on both the ventral and dorsal surface of fillets with a Minolta VTL CM-700 spectrophotometer with settings of CIE standard illuminant D65 (corresponding to the average midday light in Western Europe/Northern Europe), 10 o observer or viewing angle (which is more representative of how the human eye perceives color and commonly used with spectrophotometers), specular component excluded, and an 8-mm aperture. Before measurements each date, zero (directing the specimen measuring port to midair) and white (directing the port to the white calibration cap) calibration of CM-700 were performed by following the factory instructions. Each measurement was the result of 3 averaged readings.
Statistical Analysis
Data (including both raw meat characteristics and cooked color) were subjected to a 1-way ANOVA using the mixed model procedure in SAS (Version 9.4, SAS Institute, Cary, NC). Fresh samples, marinated samples, and frozen-thawed samples were analyzed separately. Wooden breast category was included as a fixed effect and replication as a random effect. Least square means were separated statistically with the Tukey's HSD method at a 1% level of significance.
RESULTS
The raw meat characteristics of normal breast fillets and severe WB fillets are shown in Table 1 . Fillets with the severe WB condition had significantly higher white striping and hemorrhagic lesion scores, compression force, pH, and a * values (P < 0.01). There were no differences in L * and b * values (P > 0.01). These results indicate significant differences in raw meat characteristics between the normal and WB samples used in this study. Figure 1 shows the visual appearance of representative breast fillets (ventral and dorsal sides) in both the raw and cooked state. On the cooked fillets, it was visually observed that a yellow-brownish discoloration often covered a large area on the ventral sides of the WB fillets. No apparent visual differences in color due to the WB condition were observed on the dorsal sides of the breast fillets. In addition, almost 100% of cooked fillets with the severe WB condition showed some degree of visible discoloration on the ventral surface in our experiments. A crosscut of cooked WB fillets shows that the discoloration occurred only on the surface, about 1 to 2 mm deep from the ventral side.
Comparison of surface color measurements (L * a * b * ) between cooked normal and WB fillets (Table 2) showed that there were no differences (P > 0.01) on the dorsal surfaces (bone side) of the fillets. On the ventral surfaces of the cooked samples, however, the L * value of the normal fillets was about 10 units higher and a * and b * values were more than 1 and 4.5 units, respectively, lower than those of the WB fillets (P < 0.01). The ventral surface of cooked fillets with the severe WB condition was darker (lower L * ), redder (greater a * value), and more yellow (greater b * value) than that of cooked normal fillets. The objective color measurements confirmed the visible color differences observed on the ventral surfaces of the cooked WB fillets (Figure 1) .
Because there were no significant differences (P > 0.01) due to WB in the objective color measurements on the dorsal surface of cooked fillets, CIE L * a * b * values were only compared on the ventral surfaces of the marinated (Table 3 ) and frozen-thawed fillets (Table 4) . For both marinated (Table 3) and frozenthawed ( 
DISCUSSION
There are very limited published data on the color and visual characteristics of cooked fillets with the WB condition. Mudalal et al. (2015) reported that there were no significant differences in CIE L * a * b * measurements between normal and WB meat regardless of marination treatment. Our results, however, showed that there was a substantial difference (P < 0.0001) in L * value (>6 units) and significant differences (P < 0.01) in a * and b * values between cooked normal and WB samples on the ventral surface regardless of marination treatment or freeze-thaw cycle. In addition, nearly every cooked fillet with severe WB condition in our experiments showed at least some degree of visual discoloration. Different observations between studies may be the result of sampling methods. In Mudalal et al. (2015) study, only small portions of the fillets were cooked and measured (8 × 4 × 3 cm cube for non-marinated treatment and 8 × 4 × 2 cm cube for marinated treatment). However, in the current study, the entire intact fillets were cooked and measured and it was observed that the discoloration did not evenly and completely cover the cooked ventral surface of the fillets (Figure 1 ). The area, severity, and surface location of the discoloration varied greatly from fillet to fillet.
The cause of the discoloration in cooked WB fillets is currently unknown. It is hypothesized that increased hemorrhaging on the surface of WB fillets may contribute to the surface discoloration observed in the cooked breast fillets. Dalle Zotte et al. (2017) and Kuttappan et al. (2017) demonstrated that there was a positive relationship between the WB condition and hemorrhage severity. In cooked chicken meat, dark discoloration and color defects in the finished product have previously been observed and attributed to blood pigments in the meat tissues, such as bone darkening (Lyon et al., 1976) and browning discoloration on the surface of battered and breaded poultry parts (Lyon and Lyon, 1986) . Thus, increased incidence and severity of hemorrhaging may be at least partially responsible for surface discoloration in cooked WB meat. In the current study, the hemorrhagic lesion score in the WB fillets was significantly higher than the normal fillets (Table 1) ; it was also visually noted that surface areas on the raw fillets with bloody spots or hemorrhaging corresponded with visible dark discoloration after cooking. However, as shown in Figure 1 , not all of the discolored areas on the ventral surfaces of the cooked fillets were associated with areas of visible petechial hemorrhaging. Some of the discolored areas on the cooked WB fillets did not exhibit visible hemorrhaging before cooking. These observations suggest that characteristics other than hemorrhaging may also contribute to the discoloration observed in cooked WB fillets. It has been reported that WB fillets commonly have altered surface properties compared to normal fillets. Fillets with the WB condition often have more connective tissue, increased white striations, and gelatinous-viscous fluid on the ventral surface (Sihvo et al., 2014; Dalle Zotte et al., 2017; Kuttappan et al., 2017) . In addition, excessive moisture loss from the surface upon cooking may also be a contributing factor for the discoloration. Discoloration in cooked breast meat color may potentially cause problems with consumer acceptance. For cooked chicken meat, colors which differ from the tan to gray cooked meat will result in consumer rejection of the product (Fletcher, 1999) , such as the pinking discoloration (Holownia et al., 2003) and bone darkening (Smith and Northcutt, 2004) . These indicate that cooked WB fillets with significant discoloration could result in consumer complaints and/or rejection in the marketplace.
In summary, the data collected in this study demonstrate that the WB condition can cause significant discoloration on the ventral surface of cooked broiler breast fillets. The cooked WB fillet surface was darker, redder, and yellower than the cooked normal fillet surface. The observed WB-related differences in cooked breast meat discoloration were not eliminated by marination or freezing-thawing. The discoloration upon cooking may cause unacceptable finished products in the marketplace.
